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What is Project X”

e A stoner movie from last summer?

e A roller coaster at Legoland?

e A high-power proton accelerator?
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Fermilab Accelerator Complex

e 400 MeV Linac (pulsed)

e 8 GeV Booster (pulsed synchrotron)

e 120 GeV Main Injector (can run at 60 GeV)
e The Recycler (storage ring in Ml tunnel)

e Tevatron (how mothballed)

e Project X replaces the Linac and Booster with an 8 GeV linac based on superconducting RF
(~TESLA/ILC).
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Current Fermilab Experimental Program

e 8 GeV Booster

* Booster v beam: MiniBooNE, SciBooNE: MicroBooNE

* Muon campus: New Muon g-2, MuZ2e Run(ning)
Construction

e 120 GeV Main Injector CD-x
Proposed

e NuMI beam: MINOS, MINERVA, ArgoNeut; NOVA; MINOS+
e Fixed target: SeaQuest, MIPP; ORKA
e Homestake beam: LBNE
e (CMS; astrophysics projects; analysis of “finished” experiments)
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Beam Requirements

e Different kinds of experiments require different kinds of beams:
® neutrinos want as many protons as possible in widely spaced bunches;
e rare kaons want (very) slow spill to avoid two coincident decays;
e other programs somewhere between these extremes.

e | eads to tension between neutrino program and others.

* Project X Stages 1 and 2 have a “continuous wave” to solve this problem.
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The Project X Trilogy

o Accelerator Reference Design

e stand alone, 212 pp.: arXiv:1306.5022 [physics.acc-ph]

e Physics Opportunities TOLKIEN
 1H 1
| LORD
e stand alone, 209 pp.: arXiv:1306.5009 [hep-ex] OFTHE

RG-S

e Broader Impacts

e stand alone, 121 pp.: arXiv:1306.5024 [physics.acc-ph]

6

Wednesday, August 21, 2013


http://arxiv.org/abs/arXiv:%201306.5022
http://arxiv.org/abs/arXiv:%201306.5022
http://arxiv.org/abs/arXiv:1306.5009
http://arxiv.org/abs/arXiv:1306.5009
http://arxiv.org/abs/arXiv:%201306.5024
http://arxiv.org/abs/arXiv:%201306.5024
http://projectx.fnal.gov/
http://projectx.fnal.gov/

Project X

Project X Accelerator
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Project X Accelerator

e An 8 GeV superconducting linac, to be built in stages.
e Dramatically increases the beam power available for a broad program of experiments.
e Fach stage is affordable, improves ongoing programs, and enables new experiments:
e Stage 1: 1 GeV, 1 MW, continuous wave (cw) linac;
e Stage 2: 3 GeV, 3 MW, cw linac;
e Stage 3: 8 GeV (from 3 GeV) pulsed linac to replace aged booster.

e Eventually, Stage 4 could upgrade to 4 MW (MI), 3 MW (@ 8 GeV), and 12 MW (total).
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Experiments Exploring

e New forces Iin nature:
e |[epton flavor violation (L — e);

® baryon number violation (n-A);

e non-Standard flavor-changing neutral currents (kaons).

e New properties of matter:

e sources of CP violation in neutrinos, charged leptons, and quarks.

e New dimensions:

e constraints on supersymmetric amplitudes from EDMs (superspace d*xd0 d0);

e constraints on warped dimensions from rare kaon decays (Randall-Sundrum d*x dy).
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250 0 250
1M 50 e

Operational 1n
:f Stages 1 and 2 Only

Operational 1in Tevatron
Stage 1 Only

3-8 GeV | High Power
Pulsed Linac Muon & Kaon
Campus
g

Spallation Campus

High Power ]

1-3 GeV
CW Linac

CW Linac

Main Injector

Stage 2 1-3 GeV
Stage 3 3-8 GeV

==== Existing Beamline
Enclosure

| — Stage 1  0-1 GeV
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Project X Layout in Reference Design Report (RDR)

e \Warm copper front end produces H- and accelerates them to KE = 2.1 MeV.

e PX proper is superconducting niobium: ILC technology with modifications for 0.1 <5 < 1.

Stage 1 Stage 2 Stage 3

o [Be0mlpsud]  peos | peos [ et

) < <4 <)
162.5 MHz 325 MHz 650 MHz 1.3 GHz
2.1-10 MeV 10-160 MeV 0.16-3 GeV 3-8 GeV

e Differently shaped RF cavities for each segment (slowest, slower, slow, fast, faster, fastest).

e CW stages accelerate H-; pulsed linac accelerates naked protons.
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Continuous Wave + Beam Splitter

e First two Stages (1 GeV & =3 GeV) can be filled with several beam structures, as needed by
the experiments. Example:

e muon pulses: 80 MHz, 100 ns 700 kW
e kaon pulses: 20 MHz 1540 kW
e nuclear pulses: 10 MHz 770 kW
(fff (fff
A A A AN (e (AERRRRRRRRRRRRRRRRRRRRRRRRE
‘ tusee ’ [N T Y Y U (O I B

e Upstream splitter for 3-8 GeV (Stage 3) & Main Injector.

12

Wednesday, August 21, 2013



Example Power Staging Plan

470-700 kWse

15-65 KWP
20 kW
0-30 kWh:c

4

515-1200 kW
0-132 kW2
0-20 kWs?

80 kW
0-75 kKW»bd
0-900 kW
0-900 kW
0-900 kW
0-900 kW

8

@ Operating point depends on the MI proton energy for neutrino production.
b Operating point depends on the MI slow-spill duty factor for kaons.
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1200 kW
0-84 kW
0-20 kWsa
1000 kW
1100 kW
0-900 kW
0-900 kW
0-900 kW
0-900 kW
38

2450 kW

0-172 KW
0-172 kWse
1000 kW
1870 kW
0-1000 kW
0-1000 kW

0-1000
0-1000
3

KW

KW

2.4-4.0 MW

3 MW

1 MW
1000 kW
1870 kW
0-1000 kW
0-1000 kW
0-1000 kW
0-1000 kW
38

¢ With less than 30% duty factor from MI.
9 With less than 45% duty factor from MI.



facility, facilities, n. |Oxford English Dictionary]

e Opportunity, esp. of an unlimited kind, to do something.

e orig. U.S. In pl.: the physical means or equipment required for doing something, or the
service provide by this; freq. with modifying word, as educational facilities, postal
facilities, [scientific] facilities, etc.
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Stage 1

1 GeV, 1 MW, cw linac

® [ncreases beam power throughout the accelerator complex:

® power to muon experiments (Mu2e, g-2) x 10;

e power to 8-GeV-based neutrino experiments (MicroBooNE) x 3;

e power to Ml experiments (LBNE, SeaQuest,...) x 1.5.

e Enables a suite of new (for Fermilab) experiments:

* ¢lectric-dipole measurements (e.qg., polarized protons);

e ultracold neutrons, e.g., n-n oscillations.
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Stage 2

3 GeV, 3 MV, cw linac

® |ncreases (again) beam power throughout the accelerator complex:

e maintains M| power at 60 GeV, offering flexibility to neutrino experiments.

e Muon experiments— lepton flavor violation:

e optimal for @ — e conversion on many targets;

® L — eY, 3e, efc.

e Kaon experiments (x 10 over competing facilities);

¢ .9., the SM-pristine and BSM-sensitive K;, — movv.
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Stage 3

8 GeV, pulsed linac, with 2.4 MW & 170 kKW at 60-120 MeV & 8 GeV

e Doubles power for Main Injector experiments:

o 2.4 MW at 60 GeV & 120 GeV.

e Doubles power to 170 kW for 8 GeV-based experiments:

e x 10 today’s Booster.

17
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Stage 4 (beyond RDR)

power upgrade to 4 MW & 3 MV at 60-120 MeV & 8 GeV

e Superbeams for neutrinos can be tuned to find first and second oscillation minimum.

e Another 4-5 MW still available for the 1 GeV & 3 GeV programs.

e Sets the stage for a muon storage ring, i.e.,
® neutrino factory;
e muon collider.

e Also the Fermilab accelerator complex would be a front end for a possible VLHC.

18
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Project Readiness

e R&D for Project X has been supported for several years and builds on R&D for
superconducting RF (general and ILC-motivated).

e \Well-advanced discussions with India to build Stages 1 & 2 in one jointly financed project.
e Project X Injector Experiment (PXIE) will test front end.

e HEPAP Facilities Subpanel graded Project X accelerator “absolutely central” and “ready to
initiate construction”; PX Collab thinks FY2017.

e HEPAP Facilities Subpanel graded Project X research program (as a whole) “absolutely
central” albeit “mission and technical requirements not yet fully defined”.

19
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2012 Project X Physics Study

June 14 - 23, 2012 « Fermilab « Batavia, lllinois

The Project X Physics Study

will engage theonsts, expenmenters,

and accelerator scientists in establishing
and dox umenting a comprehensive vision
of the physics opportunities at Project X,
and ntegrating these opportunities within a
coheront plan for development of detector

capabiiibes and the accelerator compl

o
O

Working Groups
Long-Baseline Neutrinos
Short-Baseline Neutrinos
Muon Experimonts
Kaon Experiments
Electnc Dipole Moments
Neutron-Antineutron Oscillations
Lattice QCD
r . High Rate Precision Photon Calorimetry
Very Low-Mass High-Rate Charged Particle Tracking
Time-of-Flight Systom Performance Below 10 psec
High-Precision Measurement of Neutrino Interactions
Large-Area Cost Effective Detector Technologies

Organizing Committee

Sleve Holmes, Andreas Krondeld
Stephen Parke, Erik Ramberg

iy

Uy
iy

L "b,.

For Further Information

‘

indico.fnal.gov/event/projectxps12
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Working Groups in the Project X Physics Study

e Neutrino experiments — Patrick Huber, André de Gouvéa , Koichiro Nishikawa, Geoff Mills,
Steve Geer

* | ong- and short-baseline neutrino oscillation experiments. Non-oscillation neutrino
experiments. Neutrino cross section measurements.

e Kaon experiments—\Vincenzo Cirigliano, Kevin Pitts

e Rare kaon decays. Experiments with kaon beams.

e Muon experiments— Graham Kribs, Bob Bernstein

e Muon-to-electron conversion. Muon decay to electron+photon; to 3e. Experiments with
muon beams. Future opportunities for muon g—2.

21
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e Electric dipole moments—Susan Gardner, Tim Chupp, Zheng-Tian Lu

e Measurement of electric dipole moments of the neutron, proton, radioisotopes, ..., and
related measurements.

e Neutron-antineutron oscillations— Chris Quigg, Albert Young

e Extend reach of neutron-antineutron oscillation experiments.
e Hadronic physics—Stephen Godfrey, Paul Reimer

e Hadron structure, including pdfs & quark content of the nucleon. Fundamental physics
measurements with hadronic beams. Hadron spectroscopy.

e | attice QCD—Ruth Van de Water, Thomas Blum

e Hadronic matrix elements of 9%&w+ssm for mesons and baryons. Next-generation lattice-

QCD calculations such as those needed for kaons, muon g — 2, mu capture, EDMs, n-1,
neutrino scattering,.... Computer hardware and software requirements.

22
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e Tracking—dJack Ritchie, Ron Lipton

e Ultra-low-mass, charged-particle tracking technologies for very high rate environments.

e [lectromagnetic calorimetry —David Hitlin, Milind Diwan

e "Perfect” high-energy photon detector: next-generation performance in energy, position,
direction and timing measurements in a high-rate environment.

e Time of flight—Bob Wagner, Mike Albrow

e Develop field-work proposals supporting R&D for next-generation time-of-flight systems
with performance better than 10 ps.

e Neutrino detectors—Jonghee Yoo, Kevin McFarland, Rex Tayloe

e High-resolution measurement techniques for neutrino and exotica interactions near a
high-power target.

e | arge-area, cost-effective detectors— Yuri Kamyshkov, Mayly Sanchez

e | arge-area cost-effective detector technologies for nucleon decay and n-A oscillations.
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Physics with Project X
(Stage 1 and beyond)



The Pattern of FCNC

e Neutral flavor-changing rates take the form:

r— couplings
~ high-energy scales

X texture < expt sensitivity

where texture refers to quark masses, mixing angles, loop suppression.

e |n the SM, the first factor is v2, and the texture brings in the Yukawa
matrices, i.e., quark or lepton masses, CKM or PMNS, and GIM.

¢ \We do not understand where these textures come from, and no solid
principle says that BSM physics should retain the SM’s textures.

e Generically, a boring O(1) texture implies FCNC reach to very high energies. PM NS
Conversely, (still unseen) physics at the TeV-scale would require a nontrivial
texture to comply with flavor physics.

25

Wednesday, August 21, 2013


http://inspirehep.net/record/511614?ln=en
http://inspirehep.net/record/511614?ln=en

Which path does Nature take”

e Suppose texture is boring (the Zoltan plot, taken from the Grossman talk):

proton decay/n-n oscillation

= — —

neutrino properties

mu to €

flavor (quarks)

dark matter

LHC

see—saw
YPlanck

| 1 | 1 | 1 | 1 | | 1 | | 1
| ! | ! | ! | ! | | ! | | !
1 3 5 7 9 11 13 15 17 log(Energy[GeV])

Experimental reach (with significant simplifying assumptions)

1GUT

|
[

e Alternatively, if LHC reveals rich TeV-scale physics, the BSM texture must be complicated;
intensity-frontier experiments aid LHC measurements of BRs to complete the dossier.
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Minimal Flavor Violation (MFV)

e MFV hypothesizes that the only texture(s) that appear are CKM (PMNS):

e motivated by experience with data;

® can suppress baryon number violation [see e.q., arXiv:0710.3129], obviating the need to
Impose R parity conservation (in susy) or similar ad hoc quantum numbers.

e Ruling out MFV is a discovery of a new texture, whose origin could be (non-exclusive)

®* a new force;

* a new (CP-violating) property of matter;

¢ a (set of) new dimension(s).

27
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Neutrinos

e Project X will dramatically increase LBNE’s

sensitivity to CP violation:

normal hierarchy

Matt Bass (CSU)
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Events / 125 MeV
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e \With PX Stage 2, LBNE will profit from
flexible energy choice of neutrino beam:

Z. Isvan (BNL)

_IIIIIIIIIIIIII
~ v, Appearance

- Normal Hierarchy

— Beam: 120 GeV, 708kW
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4 5 6 7
Neutrino Energy (GeV)

e PX Stage 1 increases the power for Booster experiments x 3; Ml experiments x 1.5.
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Neutrinos

e Project X will dramatically increase LBNE’s e \With PX Stage 2, LBNE will profit from
sensitivity to CP violation: flexible energy choice of neutrino beam:

normal hierarchy

Matt Bass (CSU)

Z. Isvan (BNL)
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e PX Stage 1 increases the power for Booster experiments x 3; Ml experiments x 1.5.
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Matter vs CP effect with 8 GeV

Normal
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e Mass hierarchy and CP asymmetry non-degenerate - they’re completely

disentangled!
Zeynep Isvan (BNL)

Neutrino Energy (GeV)

6/19/2012 PXPS
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Muons: optimum beam energy for u — e, etc.

e Stage 1 increases power to Mu2e x 10.

e The 3-GeV energy of Stage 2 is chosen to
optimize muon production.

e |[mproved yield, combined with intensity,
enables runs on many target nuclei:

e different sensitivity [hep-ph/0203110].

e | arger nuclei capture muons quickly and,
thus, tolerate shorter bunch spacing

e a key design feature of Project X!

e | ower proton energy eliminates antiproton
background.
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http://arxiv.org/abs/hep-ph/0203110
http://arxiv.org/abs/hep-ph/0203110

Isotope Dependence of MuZe

Cirigliano, Kitano, Okada, Tuzon
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o
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i‘/

20 40 60

31

Wednesday, August 21, 2013

e vector /Z
vector vy
dipole
scalar

80

Pb


http://inspirehep.net/record/817378
http://inspirehep.net/record/817378

Isotope Dependence of MuZe

Cirigliano, Kitano, Okada, Tuzon

B(u— e;Z) /| B(u— e;Al)
o
\\\’3\&
t]iik"”

20 | | | 40 | | | 60
Co 7

31

Wednesday, August 21, 2013

- vector Z
T vector vy
e dipole
\II.\H |

_ scalar
80
Pb


http://inspirehep.net/record/817378
http://inspirehep.net/record/817378

Kaons

e ORKA should collect 100s events of K+ — nt"vv before Project X; then 1000 with Stage 1.

0

e Stage 2 would enable a similar collection of K; — w- vV events:

* “this experiment was made for Project X" —Laurie Littenberg;

e “Project X was made for this experiment” —theorists.
e Other modes in a K experiment: e Modes for a future K+ experiment:

* FCNCs Ky /s — 0L, K — vy e T violation in K™ — m0u*v

(KT —etv)
(KT — utv)

o LFV K; — ue e Nonuniversality in
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Sensitivity to New Physics

e Rare kaon decays exhibit correlations )
with each other and with B decays.

 E949 1o -

e ORKA (K* with Ml) is ready to start this
decade, aiming for 1000 events.

e A 1000-event Kr experiment would be
part of the Stage 2 program.

10'% x BR(K, — 7'vi)

e Either could make a discovery (©).

101 x BR(Kt — ntwvo)

e Jogether, the measurements would Kill
models (®) and/or diagnose the flavor
structure of new LHC particles (©). D. Straub [arXiv:1012.3893]
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http://arXiv.org/abs/1012.3893/
http://arXiv.org/abs/1012.3893/

Spallation Target for Fundamental Physics

e SNS (ESS) is (will be) over-
subscribed.

e Fundamental physics walits for
other disciplines.

e Aim is to design a target
optimized for EDMs (Ra, Rn, Fr),
(u)cold n, energy applications.

34

Wednesday, August 21, 2013

Project X Proton Beam

e ImA @ 1GeV (1MW)

Multi-Use Module:

e LFR fast spectrum test
¢ Nuclear physics isotopes

e Fusion materials test

Lead Matrix Test Region

Solid lead with gas or water cooling
~ 2 m diameter, 3 m length

Low n absorb/ High n scatter

High n flux/ Fast n spectrum

Acts as gamma shield

Reflector

e Steel/iron/nickel

e High n scatter

e Flattens n flux distribution

Spallation Target

¢ Liquid Pb-Bi

¢ >30 neutrons/proton

e 1 GeV protons penetrate
~50 ¢cm in lead

e Neutrons Similar to fission
spectrum

e Samples can be irradiated
in proton beam

e Adding Wor U can
increase n flux density

¢ Small volume ~ 10 cm dia,
60 cm length

¢ Cleanup system for
spallation products

Closed Loop Test Modules

¢ Removable/replaceable/customizable

¢ Independent cooling system Dedicated SFR

¢ n spectrum/material/temp/pressure to match reactor conditions Fast Spectrum
Test Module

Aoc)c\
>

Test materials
Coolant/structure

Spectral tailoring materials



Flectric Dipole Moments Té i %

d=dS d—>-d—>0 exciting prospect for Stage 1

® The electric dipole moment couples spin to electric fields:
e [ odd, so, in a CPT-invariant world, a signal of new CP violation (as needed for baryons).

e Project X will enable experiments on muon, proton, neutron, and nuclear isotopes (< quark
& electron) EDMs.

e CPV from 0 term in QCD, phase of CKM matrix, phase(s) of PMNS matrix, BSM/Higgs:
e neutron: —sin 0 + BSM < 3x1072° = 1072 with Stage 1;
e proton: +sin O + BSM < 7x10° — 1072° with Stage 1.

e Expression of Interest for a proton EDM experiment in an electrostatic storage ring.
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http://www.fnal.gov/directorate/program_planning/Oct2012Public/srEDM_FNAL_EOI_2012_0917.pdf
http://www.fnal.gov/directorate/program_planning/Oct2012Public/srEDM_FNAL_EOI_2012_0917.pdf
https://indico.fnal.gov/conferenceDisplay.py?ovw=True&confId=6276
https://indico.fnal.gov/conferenceDisplay.py?ovw=True&confId=6276
https://indico.fnal.gov/conferenceDisplay.py?ovw=True&confId=6276

Stage 1 EDM Sensitivities

e SM predictions and current and expected limits on selected examples of EDMs.

EDMs SM (sinOkm) current limit Stage 1 Project X
muon ~ 107 ecm 1.1 x 107" ecm ~ 1072 ecm
neutron ~ 103! ecm 2.9 % 107%° ecm ~ 1072 ecm

proton  ~ 10731 ecm 6.5 x 10723 ecm ~ 107 ecm

nuclei ~ 10733 ecm (PPHg) 3.1 x107% ecm ("*"Hg) ~ 107% ecm (**’Ra)
electron ~ 10738 ecm 1.0 x 10727 ecm ~ 1073 ecm

® Probe 3-6 orders of magnitude: opportunities for transformative discoveries.

* More info: Project X Forum on Spallation Sources for Particle Physics.
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https://indico.fnal.gov/conferenceDisplay.py?confId=5372
https://indico.fnal.gov/conferenceDisplay.py?confId=5372

e Expression of Interest for a proton EDM exp’t in an electrostatic storage ring:

Momentum
vector

—  Spin vector
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http://www.fnal.gov/directorate/program_planning/Oct2012Public/srEDM_FNAL_EOI_2012_0917.pdf
http://www.fnal.gov/directorate/program_planning/Oct2012Public/srEDM_FNAL_EOI_2012_0917.pdf

e Octupole deformation [Gaffney et al., Nature 497 (2013) 199]:
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e Thus, these isotopes are promising alternatives to Hg.
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http://www.nature.com/nature/journal/v497/n7448/full/nature12073.html
http://www.nature.com/nature/journal/v497/n7448/full/nature12073.html
http://www.nature.com/nature/journal/v497/n7448/full/nature12073.html
http://www.nature.com/nature/journal/v497/n7448/full/nature12073.html
http://www.nature.com/nature/journal/v497/n7448/full/nature12073.html

Complementarity with Colliders

lllllllllllllllllllllllllllll
Electron EDM, ¢,=0

e EDMs are very sensitive to CP violation in the Higgs sector. N
e The parameter space of the MSSM that explains the _5,: T B
baryon asymmetry yields electron and neutron EDMs that Z 003 D
exceed certain values (figure). .
-/ 3
* Project X limits (10-% for e; 1029 for n) would shrink the g
allowed region almost to nil. T
0.15 g
0.1 \\ 3
e References: hep-ph/0606298, arXiv:0910.4589 [hep-ph], 3 oo e IS
arXiv:1003.2447 [hep-ph], arXiv:1206.2942 [hep-phl. 3 e 2
* |In figures: bino mass Mi; Higgs-higgsino parameter p;

LEP susy exclusion; not enough baryons.

100 200 300 400 500 600 700 %00
M, [GeV]
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http://arXiv.org/abs/hep-ph/0606298/
http://arXiv.org/abs/hep-ph/0606298/
http://arXiv.org/abs/0910.4589/
http://arXiv.org/abs/0910.4589/
http://arXiv.org/abs/1003.2447/
http://arXiv.org/abs/1003.2447/
http://arXiv.org/abs/1206.2942/
http://arXiv.org/abs/1206.2942/
http://arXiv.org/abs/0910.4589/
http://arXiv.org/abs/0910.4589/

Neutron-antineutron Osclillations

exciting prospect for Stage 1

e Complement to proton decay in the search for baryon-number violation.

e Can construct models with n-A oscillations but stable proton [arXiv:1212.4556 [hep-phl]].

* Previous limit with free neutrons: T,;; > 0.86 x 10% s [Z. Phys. C 63, 409 (1994)].

e Previous limit with bound neutrons in ®O (SuperK): T,; > 2.4-3.4 x 108 s [arXiv:1109.4227].

e Expression of Interest to search for n-fi oscillations at Stage 1, aiming to exceed SuperK
(by far) in horizontal first phase (vertical second phase): 1,; > 1010 s (3x10!! s).

e [mprovements from PX Stage 1 with supermirrors, vertical layout, and 4t reflective target.
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http://inspirehep.net/record/1208120?ln=en
http://inspirehep.net/record/1208120?ln=en
http://inspirehep.net/record/372023?ln=en
http://inspirehep.net/record/372023?ln=en
http://arXiv.org/abs/1109.4227/
http://arXiv.org/abs/1109.4227/
http://www.fnal.gov/directorate/program_planning/Oct2012Public/NNbarX_EOI.pdf
http://www.fnal.gov/directorate/program_planning/Oct2012Public/NNbarX_EOI.pdf

Hadronic Physics

e Hadron structure —cf. SeaQuest experiment underway now:

e unprecedented precision in DIS and DY will help disentangle EMC effect (nucleon
structure in nuclei) and the allocation of spin in the nucleon (parton spin vs. OAM L);

e luminosity 15 times higher than nearest competitor (RHIC spin).

e Spectroscopy:

e searches for glueballs and other exotics, especially with non—quark-model JF¢;

e experiment similar to LASS at SLAC, but with more intense incident beams.
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https://indico.fnal.gov/contributionDisplay.py?contribId=33&confId=5276
https://indico.fnal.gov/contributionDisplay.py?contribId=33&confId=5276
https://indico.fnal.gov/contributionDisplay.py?contribId=10&confId=5276
https://indico.fnal.gov/contributionDisplay.py?contribId=10&confId=5276

Hadron Structure

cf., Paul Reimer

e Partition of angular momentum in proton: spin vs. orbital angular momentum.
. . 1.g 2\ . . 1.,g o)

e Sivers function f;7" (x, k7 ); Boer-Mulders function h; " (x, k7).

e Sivers functions for SIDIS and DY should be opposite in sign:

® conseguence gauge invariance.

* Disconnected diagrams are key: needed to get L, > 0 and L; < 0, as preferred in SIDIS from
HERMES, COMPASS.
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https://indico.fnal.gov/contributionDisplay.py?contribId=33&confId=5276
https://indico.fnal.gov/contributionDisplay.py?contribId=33&confId=5276
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Excited Hadron Spectrum
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o ~
— el
! — o -
L ! : —
|_- \’;_D/ °_ o —/g\? =§ —9;‘\_ .5
3 S ='3 — o G
gl e L |0
) i - ™ 3++ 4++ 3
- — S - Il
20} %;\ = I %;\ - -
= o : o mmm— 3—— —
b — o & _
) 3 - = -- § o+ 1-"
—~ =l 27" ;
U:>)> —&\
= m— O ~—
Qgc 15l R OIS I
EE [ ] S; ++
S _@3 2
S| £
-] g 1_|__
- o 1-%%—
1.0} ¢—§ i
/ N —
7 — pw_ - I M 396 MeV
=~ |- ' isoscalar mmes
R { s
» |
05L . isovector
_/7T -
YM glueball
0t [

44

Wednesday, August 21, 2013



Broader Impacts

e Muon spin rotation (uSR):

e An established tool (complementary to light and neutron sources) to study the magnetic
structure of materials important to understanding superconducting materials, emerging
nanoscale and mesoscale disciplines, and the associated design of advanced materials.

e Nuclear energy applications:

e Accelerator, spallation, target and transmutation technology demonstrations, which
could investigate and develop accelerator technologies important to the design of future
nuclear waste transmutation systems and future thorium fuel-cycle power systems.

* The spallation target (neutron source) optimized for particle physics can also serve as an
irradiation resource for the study of materials important for energy applications.
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https://indico.fnal.gov/conferenceDisplay.py?confId=6025
https://indico.fnal.gov/conferenceDisplay.py?confId=6025
https://indico.fnal.gov/conferenceDisplay.py?confId=5836
https://indico.fnal.gov/conferenceDisplay.py?confId=5836

@ o | eft: setup for muon spin relaxation experiment.
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Summary

e Many experiments, each illuminating a different facet of fundamental physics;

e compare with ATLAS/CMS, which are Higgs experiments, BSM experiments, quark-
flavor experiments, EW experiments, QCD experiments, even heavy-ion experiments;

e # Intensity-frontier collaboration ~ # energy-frontier physics group.

e At the intensity frontier, the key is a powerful, flexible accelerator that can drive many
simultaneous experiments: Project X.
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